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We know from elementary calculus that a differentiable function is continuous but the
converse is not necessarily true. We may, starting from the very first day we learn about
this fact, wonder how badly the converse fails to be true. Weierstrass, the grandmaster in
analysis, answered in 1860s that it can be super bad.

Theorem. If a > 3 is an odd integer and if b € (0, 1) such that ab > 1 4 37/2, then the
function

flz) = Z b* cos (ma”z)

is continuous everywhere but nowhere differentiable.

Lemma. If B > 0, then

cos (Am + Bm) — cos (Ar)
B

The proof of this lemma can serve as a good elementary calculus exercise.

Proof. First we show the function f is continuous. Indeed, since |b* cosma*z| < O*
and b € (0,1), we know the series defining f converges absolutely and uniformly on R by
Weierstrass M-test. Moreover, since b* cos(ra®z) is continuous on R for each k, the limiting
function f is continuous on R.

Now we show f is nowhere differentiable: For any r € R, we want to show that f'(r)
does not exist. For each m = 1,2,3, ..., since ar is a real number, there exists an integer
«,, such that

am—§<am7“§am+§

Let €, = 21™r — «,,, be the corresponding gap for each m, we see that
Oy + € = a™r (1)
Moreover, since —1/2 < ¢,, < 1/2, it follows that

1/2 1 —¢, 2
O<L< € <%

a™ — a™ a™




Let Ay, = (1 — €,)/a™. Then (4) guarantees that h,, — 0 as m — co. Moreover,

1 a™

E>3/_2 (2)

a"hy, =1 — €,

Now fix the integer m and consider the difference quotient
Fr=+hy) = f(r)  >op b cos (aFm(r + hy,)) — > i, bF cos (a¥nr)
B B hin
cos (afm(r + hp)) — cos (a*rr)

P [ OF

=L cos (aFm(r 4 hy,)) — cos (a¥7r)
Z ho O

k=m

Now we estimate the finite sum first: Applying the lemma to each summand with A = a*r
and B = a*h,, gives
cos (a*m(r + hpy)) — cos (akmr)
P JUF

< (ab)*n

Thus by triangle inequality

mzl cos (a*m(r + hy,)) — cos (a*rr) < = | cos (aFm(r + hy)) — cos (aFr) 3)
P /O - B/ bF
k=0 k=0
m—1
A =1 2
2 (ab)*m = T— 1 < 3(ab) (4)

where the last inequality follows from the assumption on ab. Moreover, we can extend
the result that the finite sum above is less than (2/3 — €)(ab)™ for some ¢ > 0. To estimate
the infinite sum, we first observe

a*rr + d"rhy, = d" (@™ + a™hy) = d" (o, + 1) (5)

where the last equality follows from (1) and (2). Since k¥ > m and «,, is an integer, it
follows cos (a*nr + a*rh,,) = (—1)* 1. Moreover, we make another observation that

cos (a"mr) = cos (a" "y, + " " we,,)
= cos (" M ray,) - cos (A" M rey,) — sin (aF T ray,,) - sin (aF ™ we,,)
= (=1)* . cos (a*"™me)
Now from (5) and the above result, the infinite sum becomes
= cos (a*7(r + hy,)) — cos (akm“) 1)om+l &
Z o U = Z b*(1 + cos (" ™re,,))
k=



Thus,

i cos (a*m(r + hy)) — cos (a*7r)

k
P Z b (1 4 cos (@ "ep,))

k=m

where the summand on the right hand side above is nonnegative. Therefore, the infinite
sum is greater than its first term (where & = m), which gives
i cos (a*m(r + hy,)) — cos (a®7r)
P [ UF

b (1 + cos (mey,)) _ b "
= o = T 31

k=m

where the second to the last inequality follows because —1/2 < ¢, < 1/2 and the last
inequality follows from (2). Finally, we are able to appreciate Weierstrass’ main performance:
From above,

g(ab)m _ 2 cos (aFm(r —i—hf;/))k— cos (akmr)
f(r—i—h mlcosa7r7"+h )) — cos (a*nr)
B hun k=0 o [V
< f(r+hn) +M1cosa7r7“+h )) — cos (a*nr)
a hm k=0 fim [ OF
_ fr+ h )

where the last inequality follows from the extension of (4). This implies

f(r 4 hm) = f(r)
hm

> e(ab)™ - 00 as m — oo

Since h,,, — 0, we know

f'(r) = lim

h—0

f(r+h)— f(r)
h
is also unbounded.

Remark: A proof for a specific choice of a and b is presented in The Calculus Gallery
by Dunham. Here we show the general case, but the main tastes are exactly the same.
This proof demonstrates the “Weierstrassian rigor” to an extreme and puts the last piece of
intuitive and geometric foundation of calculus into the coffin.



